Face recognition is relatively spared in WS, despite abnormalities in aspects of face processing and structural alterations in the fusiform gyrus, part of the ventral visual stream. Thus, face recognition in WS may be subserved by abnormal neural substrates in the ventral stream. To test this hypothesis, we used functional magnetic resonance imaging and examined the fusiform face area (FFA), which is implicated in face recognition in typically developed (TD) individuals, but its role in WS is not well understood. We found that the FFA was approximately two times larger among WS than TD participants (both absolutely and relative to the fusiform gyrus), despite apparently normal levels of face recognition performance on a Benton face recognition test. Thus, a larger FFA may play a role in face recognition proficiency among WS.
Introduction
Williams syndrome (WS) is a genetic condition associated with micro deletions on chromosome 7q11.23 (Hillier et al., 2003) . This condition is associated with a specific combination of neuroanatomical, sensory, and cognitive characteristics , providing a rare opportunity to study the relations among genes, cognition, and brain structure and function. WS often involves intellectual deficits, substantial deficits in visual-spatial construction, heightened emotionality, and eagerness for faceto-face interactions, known as hypersociability (Järvinen-Pasley et al., 2008) . Hypersociability includes an exaggerated tendency to view human faces during infancy (Mervis et al., 1998) and adulthood (Riby et al., 2008 (Riby et al., , 2009 Riby and Hancock, 2009a,b) . Interestingly, proficiency in face-identity recognition is reportedly similar among WS and typically developed (TD) healthy participants, despite the latter's intellectual deficits, and better among WS than IQ-matched, developmentally delayed participants . This apparent sparing of facerecognition proficiency in WS is intriguing, given abnormalities in other aspects of face processing (Mills et al., 2000; Karmiloff-Smith et al., 2004) , significant reductions in total brain-volume , and abnormalities in cortical thickness along parts of the ventral visual processing stream, namely the fusiform gyrus (Thompson et al., 2005) . Thus, one hypothesis suggests that face-identity recognition in WS relies on an altered functional organization of face-selective cortex in the ventral stream. However, the neural substrates underlying face-identity recognition in WS are not well characterized.
Face recognition in TD adults involves the fusiform gyrus, where functional magnetic resonance imaging (fMRI) revealed regions, such as the fusiform face area (FFA), responding more strongly to faces than to objects or to places (Kanwisher et al., 1997) . The FFA is implicated in face perception (Tong et al., 1998; Grill-Spector et al., 2004) and identity recognition (Druzgal and D'Esposito, 2001; Golby et al., 2001; Ranganath et al., 2004; Nichols et al., 2006) . Larger FFA volumes are associated with improvements in face recognition proficiency during development (Golarai et al., 2007) . Only a few fMRI studies have examined fusiform gyrus responses in WS, reporting either subtle (Paul et al., 2009) or no between-group differences in activations to faces (Meyer-Lindenberg et al., 2004; Mobbs et al., 2004; Sarpal et al., 2008) or to nonface stimuli (Mobbs et al., 2007) . However, none of these studies of WS defined the face-or objectselective regions according to standard methods used in TD participants (Kanwisher et al., 1997; Grill-Spector et al., 2001; Golarai et al., 2007) or examined these regions' sizes, response profiles, or associations with proficiency in face recognition.
Here, we used fMRI to examine face-and object-selective responses among adults with WS, compared with TD adults, relating brain measures to behavioral measures of face-identity matching and IQ. We examined between-group differences in absolute FFA size and also relative to the anatomical size of the fusiform gyrus, as well as response amplitudes to faces and objects. To examine the specificity of our findings to face stimuli and the FFA, we repeated these measurements for object-selective activations in the fusiform gyrus and faceselective activations in the posterior superior temporal sulcus (pSTS) and the amygdala.
Materials and Methods
Participants. This study was conducted according to the principles expressed in the Declaration of Helsinki. The institutional review boards of The Salk Institute, University of California at San Diego (UCSD), and Stanford University approved the procedures. Participants provided informed written consent for the study. Sixteen individuals diagnosed with WS, ages 19.79 to 48.48 years (mean Ϯ STD, 29.67 Ϯ 9.22 years; 7 females; 2 left-handed) and 15 TD individuals, ages 17.07 to 45.74 years (31.69 Ϯ 9.73 years; 7 females) participated in this study. Mean age of the 13 participants in each group whose fMRI data were included in the study is summarized in Table 1. WS and TD participants were recruited nationally and from the local community around University of California, San Diego (The Salk Institute and UCSD) and Stanford University as part of a multisite project. The genetic diagnosis of WS was based on fluorescent in situ hybridization probes for elastin, a gene consistently found to be deleted in WS (Ewart et al., 1993) . All participants with WS had typical deletions and exhibited the clinical phenotype associated with this condition (Korenberg et al., 2000) . Participants with a history of complicating neurological conditions were excluded from the study. TD participants had no history of medical, psychiatric, neurological or cognitive impairment.
fMRI Experiment
Stimuli. Participants viewed a total of 768 grayscale photographic images from the following four categories: faces (male and female of various ages, races, facial expressions, and views), objects (abstract sculptures), places (indoor and outdoor), and textures (created by randomly scrambling object pictures into 225, 8 ϫ 8, pixel squares) ( Fig. 1) .
Each stimulus category was presented in six blocks. Block duration was 8 s, during which 32 exemplars from a given category were sequentially displayed, each for ϳ500 ms. None of the images were repeated during the experiment. A 16 s block of blank screen preceded the beginning and another followed the end of the run. Images were projected onto a mirror mounted on the MRI coil (visual angle ϳ15°) via a Macintosh G3 computer using Matlab 5.0 (Mathworks) and Psychtoolbox extensions (http://www.psychtoolbox.org). Images from the various categories were similar in their mean luminance when projected on the screen at the scanner as measured by a Minolta photometer (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). We found no significant difference between category differences in mean luminance ( p Ͻ 0.2) and withincategory variations (438Ϫ525 C/m 2 ) far exceeded the subtle betweencategory variations in mean luminance (ϳ5 C/m 2 ).
Task. Participants were instructed to view each image passively. No behavioral responses were collected during the scan.
Scanning. Brain imaging was performed on a 3 tesla whole-body Signa MRI scanner (General Electric) at the Lucas Imaging Center, Stanford University, equipped with a quadrature birdcage head coil. Participants were instructed to relax and stay still. We placed padding around each participant's head to stabilize the head position and reduce motionrelated artifacts during scanning. First, a high-resolution three-dimen- sional fast spoiled gradient-recalled acquisition in a steady state (SPGR) anatomical scan (124 sagittal slices, 0.938 ϫ 0.938 mm, 1.5 mm slice thickness, 256 ϫ 256 image matrix) of the whole brain was obtained. Next, functional images were obtained using a T2*-sensitive gradient echo spiral pulse sequence (Glover and Law, 2001) . Full brain volumes were imaged using 32 slices (4 mm thick plus 1 mm skip), oriented parallel to the line connecting the anterior and posterior commissures. Brain volume images were acquired continuously with repetition time ϭ 2000 ms, echo time ϭ 30 ms, flip angle ϭ 80°, field of view ϭ 240 mm, 3.75 mm ϫ 3.75 mm in-plane resolution and 64 ϫ 64 image matrix. A total of 205 time frames were acquired during a ϳ6.8 min scan.
Preprocessing. The first seven functional volumes during the initial blank stimuli were discarded to allow for T1 equilibration. Functional images were median-filtered to reduce transient blood oxygenation leveldependent (BOLD) artifacts using an in-house algorithm, realigned to correct for motion, and temporally filtered (high-pass, 56 s cutoff) using a statistical parametric map software package (SPM2; Wellcome Department of Cognitive Neurology). Data were not spatially smoothed except for one analysis to test the effect of smoothing on our results using a 6 mm full-width at half-maximum (see Fig. 2 ). Data were not spatially normalized to a template and all analyses were conducted in each participant's native space. Data from three WS participants and two TD participants were not used for further analysis due to excessive motion (Ͼ2 mm) or signal drop out.
General linear model. For each participant and using a general linear model (GLM) in SPM2, statistical modeling was performed on preprocessed functional images, excluding images with an average BOLD signal exceeding 2 SD from the mean. In any given participant, the number of excluded images did not exceed 5% of the time series.
The resulting t-maps corresponding to the contrast and threshold of interest (uncorrected for multiple comparisons) were overlaid on the individual's high-resolution T1 image, which was coregistered to the mean motion-corrected and nonsmoothed functional image.
Region of interest creation. Four types of regions of interest (ROIs), anatomical, functional-cluster, functional-noncluster, and constant sized, were created for each participant.
Anatomical ROIs were manually delineated with BrainImage software (cibsr.stanford.edu/tools) for each participant, based on their nonnormalized high-resolution anatomical image (SPGR). All of the anatomical ROIs were drawn by an experienced researcher who was blind to the identity of the participants.
The anatomical ROIs of the fusiform (FUS) in all participants included gray and white matter of the fusiform gyrus between the lateral occipitotemporal sulcus and the lateral bank of the collateral sulcus (see Fig. 3 ). The anterior-to-posterior extent of the fusiform gyrus was limited to a region between the posterior edge of the amygdala and a coronal slice at the level of the most anterior point of the parietal-occipital sulcus (Duvernoy, 1999) .
The anatomical ROIs of the entire STS were defined and designated into sections (anterior, posterior and ascending limb) (see supplemental Fig. 3 , available at www.jneurosci.org as supplemental material) by using anatomical landmarks derived from a standardized human brain atlas of cerebral sulci (Ono et al., 1990) . The ascending limb of the pSTS was defined as the sulcal gray matter directly adjacent to the angular gyrus (Allison et al., 2000) . Tracing was initiated at the first posterior bisection point along the STS and terminated at the point where the STS either bisected again or ended.
The anatomical ROIs of the amygdala in all participants were drawn at the amygdala gray matter boundary with the surrounding white matter along the medial, inferior, and lateral surfaces of amygdala (see supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). The superior boundary of the amygdala excluded any gray matter above a horizontal line through the endorhinal sulcus.
Functional (cluster) ROIs for FFA, pSTS_face, and AMG_face were defined in each participant as activations that peaked in the anatomically defined FUS, pSTS, and amygdala, respectively, based on the conventional definitions as the contiguous suprathreshold voxels that responded more to faces than abstract objects at p Ͻ 10 Ϫ3 , 10 Ϫ4 , and 10 Ϫ6 . Functional ROIs for FUS_obj were similarly defined in each participant as the contiguous suprathreshold voxels that responded more to abstract objects than to textures at p Ͻ 10 Ϫ3 , 10 Ϫ4 , and 10 Ϫ6 , peaking in the FUS. Thresholds were based on whole brain analysis, uncorrected for multiple comparisons.
Functional (noncluster) ROIs included all suprathreshold voxels (regardless of clustering) within the relevant anatomical boundaries of the FUS, pSTS, or amygdala (i.e., anatomical ROI) for the contrast of interest (that is, faces Ͼ abstract objects for FFA, pSTS_face, and AMG_face or abstract objects Ͼ text for FUS_obj) at five different statistical thresholds (10 Ϫ4 Ͻ p Ͻ 10 Ϫ12 ). Thresholds were based on whole brain analysis, uncorrected for multiple comparisons.
Constant-sized spherical ROIs (see supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) included all voxels (regardless of activations) within a sphere that was centered at the peak of the individually defined FFA. Four concentric spheres were created with the following volumes: (1) 6 voxels, which was the minimum volume of the FFA across all participants, (2) the group average volume of the FFA in TD participants, (3) 1.5 times the volume of TD, and (4) the group average volume of the FFA in WS participants.
Estimation of residual error of GLM. This reflects the discrepancy between the GLM estimates and the time course BOLD data, and thus is an inclusive measure of BOLD-related noise (e.g., due to motion during scan) and goodness of GLM fit. The residual variance of the GLM was estimated per voxel using ResMS.img generated by SPM2. We then measured the mean residual error across anatomical ROIs:
where N is the number of voxels in the anatomical ROI and MeanAmp is the mean amplitude of the BOLD response across the ROI,
The estimation of residual error of GLM (%Res) was calculated separately across the anatomical ROIs of the FUS, pSTS, and amygdala. We then reanalyzed our data for participants matched for BOLD-related confounds by removing the WS participants with the highest %Res within each anatomical ROI. Extraction of ROI responses. We calculated average responses across ROIs based on the GLM estimates of the ␤ coefficients (␤ x ) for each experimental condition (faces, objects, places, and textures) relative to baseline (␤ 0 ) per voxel as percentage signal change ϭ 100 ϫ (␤ x /␤ 0 ).
Measure of face selectivity. We calculated a measure of face selectivity for the anatomical ROIs of the right or left FUS (see Fig. 3e ), based on the differential response to faces compared with one other stimulus category, relative to the residual error of the GLM: selectivity ϭ ␤ face Ϫ ␤ x %Res , where within a given ROI, ␤ face is the average ␤ estimate for faces, ␤ x is the average ␤ estimate for a nonface category (i.e., object, place, or texture), and %Res is the mean residual error of the GLM within the ROI (see above). Behavioral measures. Outside the scanner, we administered standardized intelligence tests, including WAIS-R or WAIS-III, to measure performance IQ (P_IQ), verbal IQ, and overall IQ (see Table 1 ).
We also examined face recognition proficiency among WS (n ϭ 13 of 13) and TD (n ϭ 9 of 13) participants by measuring performance on a Benton recognition test on upright faces (Benton et al., 1978 (Benton et al., , 1983 . This test consists of recognition of facial identity with simultaneous presentation of the study and test faces, the latter involving changes in lighting or viewpoint of the target face, among a number of distracters. Each participant viewed a target upright face and several upright test faces presented in a multiple choice format and was asked to find one or more instances of the target face identity among the test faces. In more difficult items, test faces included transformations of the target faces involving changes in lighting or viewing angle. If more than one Benton test was conducted on a participant, we used that participant's best Benton score (three WS participants). Performance is reported as raw scores in Table 1 on a scale of 0 to 27 (using the short form, 1 pt for each correctly chosen face) and as percentage of correct choices in Figure 7 . We chose this task for two reasons. First, it has been previously used in reports of preservation of face recognition proficiency in WS . Second, it predominantly involves perceptual processes while excluding the potential contribution of memory processes, which are also affected in WS (Vicari and Carlesimo, 2006; Sampaio et al., 2008; Yam et al., 2008) .
Statistical methods for between-group comparisons. For between-group comparisons of the volume of the anatomical and functional ROIs (for a specific threshold for activation maps), participants' data were averaged for each of the WS and TD groups. After testing for equality of variances between groups (Levine's test), we conducted between-group t tests for equality of means. Where there is a significant between-group difference in variance, we report the adjusted t and p values and indicate nonequal variance. For between-group comparison of activation volumes across repeated measures at various activation thresholds we used an ANOVA and a GLM with volume (absolute or normalized) at various thresholds as within participant repeated measure, and report the relevant F and p values (see Fig. 2c,d ). In testing between-group differences in the volume of control ROIs (FUS_obj, pSTS_face, and AMG_face) where the repeated-measures ANOVA showed no significant between-group differences, we also used t tests and report any significant findings without correction for multiple comparisons (see Fig. 5c ), biasing our results against the specificity of our findings in FFA.
For between-group comparisons of BOLD responses to the various image categories within ROIs we used a GLM, with responses across categories as the within participant repeated measure and report the relevant F and p values (see Figs. 2e, 3d,e). Where we found a significant interaction between the factors of group and stimulus type, we used subsequent t tests to determine which stimulus types were significantly different between-groups (see Figs. 3d, 4e, 6e).
All t and F tests are based on two-tailed comparisons and equal variance across groups unless otherwise noted. For between-group comparisons of the volume of the functional ROIs, participants who showed no activations fulfilling the definition of the particular functional ROI were assigned zero for the volume of the ROI and included in the analysis. However, for between-group comparison of the responses within functionally defined ROIs, only participants who showed activations fulfilling the definition of the functional ROI were included in the analysis.
Results

Larger FFA in WS than TD
We compared the volume of the FFA in WS and TD participants, given the role of the FFA in face recognition among TD participants (Druzgal and D'Esposito, 2001; Golby et al., 2001; Ranganath et al., 2004; Nichols et al., 2006) and the growth of FFA volume during typical development of face-recognition among children (Golarai et al., 2007) . Thus, we defined the FFA in each participant as a contiguous cluster of voxels that responded more to faces than to objects ( p Ͻ 10 Ϫ4 , uncorrected) with the activation peaking in the fusiform gyrus ( Fig. 2a,b ). The FFA was detected in all WS and TD participants in both hemispheres. The volume of the FFA was larger in absolute terms in WS than in TD participants in both hemispheres [right FFA (rFFA), t (24) ϭ 2.18, p ϭ 0.04; left FFA (lFFA), t (24) ϭ 2.10, p ϭ 0.05] (Fig. 2c ). The average rFFA volume was approximately two times larger in WS than in TD participants, whereas the average lFFA volume was 2.5 times larger among the WS participants than in TD participants.
In contrast to the larger FFA volume in WS, the anatomical volume of FUS was smaller in WS than in TD participants ( Fig.  3a-c) , consistent with previous reports . Thus, the proportional volume of the FFA relative to the anatomical volume of the FUS gray matter was also significantly higher in WS than in TD participants (right, t (24) ϭ 2.45, p ϭ 0.04; left, t (24) ϭ 2.72, p ϭ 0.01; data not shown).
We considered whether the between-group differences in FFA volume might be influenced by any between-group differences in the level of %Res (Golarai et al., 2007; Grill-Spector et al., 2008) . Therefore, we compared the FFA volumes across the subset of participants who were group-matched for their average %Res within the FUS (see Materials and Methods). In this subset of %Res-matched participants, FFA volumes were also significantly larger in WS than in TD (rFFA, t (21) ϭ 3.18, p Ͻ 0.005; lFFA, t (21) ϭ 2.94, p Ͻ 0.02; nonequal variance t test) ( Fig. 3c) . Thus, the larger FFA volume in the WS participants was independent of BOLDrelated noise and goodness of GLM fit.
Next, we asked whether the variation in the absolute volume of the FFA within each group was correlated with the anatomical volume of the FUS, its gray matter content, or the subject's IQ or age. Among WS participants (or the %Res-matched subgroup), the absolute volume of the right or left FFA was not significantly correlated with the total tissue (gray and white) or gray matter volumes of the FUS anatomical ROIs. Similarly, among the TD participants there was no significant correlation between FFA volumes and FUS volumes ( p Ͼ 0.40). Thus, the volume of the anatomical ROI of FUS did not explain the size of the FFA among the WS or TD groups. Likewise, variations in age ( p Ͼ 0.4) or IQ measures ( p Ͼ 0.3) did not predict the size of the FFA among the WS or TD participants ( p Ͼ 0.40).
Does the larger FFA in WS depend on statistical threshold, clustering, or spatial smoothing?
The size of a functional ROI depends on the choice of statistical threshold that is applied to the activation map. Therefore, we asked whether the larger FFA volume in WS might depend on the statistical threshold used in defining the FFA. In each participant we defined the FFA as a contiguous cluster of voxels that responded more to faces than to objects at two additional thresholds ( p Ͻ 10 Ϫ3 and p Ͻ 10 Ϫ6 , uncorrected) with the activation peaking in the fusiform gyrus. As expected, there was a significant effect of threshold on the ROI volumes (rFFA, F (2,24) ϭ 57.45, p Ͻ 0.0001; lFFA, F (2,24) ϭ 18.50, p ϭ 0.0001; repeated-measures ANOVA). Nonetheless, FFA volume was significantly larger in WS than in TD bilaterally (main effect of group across the three thresholds tested, rFFA, F (1,24) ϭ 3.77, p ϭ 0.032, one-tailed; %Res matched, F (1,20) ϭ 10.16, p Ͻ 0.005; lFFA, F (1,24) ϭ 3.76, p Ͻ 0.032, one-tailed; %Res matched, F (1,19) ϭ 9.16, p Ͻ 0.007; repeated-measures ANOVA) (Fig. 2c) , and there was no groupby-threshold interactions for the FFA volume (rFFA, F (1,40) ϭ 0.60, p ϭ 0.45; lFFA, F (1,50) ϭ 1.20, p ϭ 0.29; repeated-measures ANOVA). Thus, FFA volume was consistently larger in WS compared with TD, regardless of threshold.
Spatial smoothing of activation maps also influences the detectability of functionally defined ROIs as it is thought to reduce uncorrelated noise and enhance identification of activations. To test such effects on our results, we spatially smoothed each subject's data with a 6 mm kernel and then individually defined the FFA (see Materials and Methods) (faces Ͼ objects, 10 Ϫ3 ). As expected, FFA volumes were larger for both groups after spatial smoothing ( Fig. 2c) . Nonetheless, the volume of the FFA after smoothing was also significantly greater in WS than in TD participants (rFFA, t (24) ϭ 1.81, p ϭ 0.04, one-tailed t test; %Res matched, t (20) ϭ 1.83, p ϭ 0.04, one-tailed t test; lFFA, t (24) ϭ 1.89, p Ͻ 0.03, one-tailed t test; %Res matched, t (21) ϭ 1.94, p Ͻ 0.04, one-tailed t test; nonequal variance) ( Fig. 2c) . Thus, the larger FFA in WS was insensitive to spatial smoothing.
To examine the spatial extent of face selectivity in the FUS, independent of spatial clustering and taking into consideration the anatomical volume of the fusiform gyrus in each participant, we examined the proportional extent of face-selective activations. Thus, we measured the total number of face-selective voxels in the FUS, regardless of contiguity, at five different thresholds (10 Ϫ4 Ն p Ն 10 Ϫ12 , uncorrected), and divided in each individual the total activation volume by the volume of the anatomical ROI of FUS (see Materials and Methods). Consistent with the larger size of the FFA in WS, the proportional volume of face-selective activations relative to the volume of the FUS was significantly higher in WS than in TD across the various thresholds tested in both hemispheres (right, F (1,24) ϭ 3.75, p Ͻ 0.03, one-tailed; left, F (1,24) ϭ 3.22, p Ͻ 0.04, repeated-measures ANOVA) (Fig. 2d) . Results were similar for the subset of WS participants, who were matched with TD participants by %Res in the FUS (right, F (1,20) ϭ 4.83, p Ͻ 0.04; left, F (1,21) ϭ 7.60, p Ͻ 0.013, repeated-measures ANOVA) (Fig. 2d) . Thus, regardless of spatial contiguity, a larger proportional volume of the FUS was face-selective in WS than in TD.
FFA response amplitudes
We asked whether the larger FFA in WS participants differed from the FFA in TD participants in terms of its response amplitudes to visual stimulus categories (faces, objects, places, and textures). However, there were no significant between-group differences in response amplitudes (rFFA, F (1,24) ϭ 0.94, p ϭ 0.34; lFFA, F (1,24) ϭ 1.28, p ϭ 0.27) or group-by-stimulus-category interactions (rFFA, F (1,75) ϭ 0.02, p ϭ 0.89; lFFA, F (1,75) ϭ 0.39, p ϭ 0.53) when all participants were included. Results were similar for the subset of %Res-matched participants ( p Ͼ 0.2) ( Fig.  2e) . Similarly, there were no between-group differences in the face-selectivity index within the FFA ( p Ͼ 0.3, data not shown). This similarity in FFA responses among WS and TD participants is consistent with the uniform functional definition of the FFA across the two groups, and further confirms that the larger FFA in WS participants is not merely reflecting noisy activations. We found similar results across a series of concentric constant-size plotted against the minus logarithm (base 10) at three different thresholds (faces Ͼ objects, p Ͻ 10 Ϫ3 , p Ͻ 10 Ϫ4 , p Ͻ 10 Ϫ6 ), using nonspatially smoothed data, or at p Ͻ 10 Ϫ3 , using spatially smoothed data (3s). At each threshold, FFA volume was averaged across 13 TD participants (light gray), and 13 WS participants (black). Error bars show group SEM. Red bars, WS participants matched to the TD group for %Res in FUS. The volume of the rFFA was significantly larger among WS than TD participants across all four comparisons (WS Ͼ TD, *p Ͻ 0.05, two-tailed F test, repeatedmeasures ANOVA). d, For each participant, the percentage of mid-fusiform activation was calculated as the total volume of face-selective voxels (faces Ͼ objects), regardless of contiguity, within the anatomically defined left or right mid-fusiform gyrus, divided by the volume of that anatomical ROI. The percentage of mid-fusiform activation is plotted against the minus logarithm (base 10) at six statistical thresholds between 10 Ϫ4 and 10 Ϫ12 (uncorrected) for all participants [TD in gray and WS (WMS) in black], and for a subset of WS participants who were matched to TD for %Res in FUS (in red). Diamonds, TD, n ϭ 13; black squares, WS (n ϭ 13); red squares, WS matched to TD participants for %Res in FUS (n ϭ 8). Error bars show group SEM. The proportional volume of face-selective activations relative to the volume of the FUS was significantly higher in WS than in TD across the various thresholds tested in both (WS Ͼ TD, *p Ͻ 0.05, two-tailed F test, repeated-measures ANOVA). e, FFA's (faces Ͼ objects, p Ͻ 10 Ϫ4 , uncorrected) responses to faces, objects, places, and textures based on ␤ coefficients derived from the GLM for each image category relative to baseline. Bars represent each group's data as in c. Amplitude of responses to visual stimuli were not significantly different among groups and there were no significant (NS) group-by-category interactions. Note that the response magnitudes are not independent of the data used to select the FFA. Error bars show group SEM.
ROIs that were centered on the peak of the rFFA in each subject (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
We also measured BOLD responses to visual stimuli across the entire anatomical ROI of FUS. This allowed an independent measurement of BOLD signals where all voxels within the anatomical ROI were included regardless of their response or selectivity (Baker et al., 2007; Vul et al., 2009) . Overall response amplitudes to visual stimuli showed no between-group differences in the right or left FUS ( p Ͼ 0.7, repeated-measures ANOVA). However, in the right FUS there was a significant group-bystimulus category interaction (F (3,24) ϭ 5.66, p ϭ 0.002), as the response to faces were significantly higher in WS than in TD participants ( p ϭ 0.05, one-tailed t test) (Fig. 3d ). Importantly, the average selectivity for faces relative to nonface stimuli (objects, places, or scrambled images) was significantly higher in the right FUS (rFUS) of WS participants compared with TD participants (F (1,24) ϭ 6.89, p ϭ 0.015, repeatedmeasures ANOVA) (Fig. 3e ). This higher face selectivity in rFUS is consistent with the larger rFFA and higher proportional face-selective activations in the rFUS of WS participants that we report above (Fig. 2b,c) . In contrast, average face selectivity in the left FUS was not significantly different across groups, suggesting that enlargement of the lFFA was not sufficient to dominate the FUS responses that were averaged across face and nonface selective voxels outside the FFA.
No between-group differences in the volume of FUS_obj
We tested the possibility that the larger FFA volume among WS participants might reflect a general property of the mid-fusiform gyrus in WS, independent of the type of visual stimulus. Thus, we asked whether object-selective activations in the FUS were also more extensive in WS than in TD participants. In each participant we defined an object-selective ROI as a contiguous cluster of voxels that responded more to objects than to textures at several statistical thresholds (FUS_obj, p Ͻ 10 Ϫ3 , 10 Ϫ4 , 10 Ϫ6 , uncorrected), with the activation peaking in the fusiform gyrus (Fig.  4a,b) . At the threshold of 10 Ϫ4 , the FUS_obj was detected in all In red are the anatomical FUS ROIs in coronal, sagittal, and horizontal views from a representative TD participant. b, Same as a but from a representative WS participant. c, The volume of the gray matter within the anatomically defined FUS. Gray, TD adults, n ϭ 13; black, WS (WMS) adults, n ϭ 13. Error bars show SEM for each group (TD Ͼ WS; †p Ͻ 0.001, † †p Ͻ 0.0001, t test). d, From the anatomically defined FUS ROIs, we calculated response amplitudes to faces, objects, places, and textures based on ␤ coefficients derived from the GLM for each image category relative to baseline. Gray and black bars represent each group's data as in c. Red bars show data from a subset of eight WS participants matched to the TD group for %Res (which reflects BOLD-related noise and goodness of GLM fit) in FUS. The overall response amplitudes in the WS and TD groups were not statistically different. However, in the right FUS there was a significant group-by-category interaction ( p Ͻ 0.002, F test, ANOVA), as response to faces was higher in WS than in TD participants ( †p Ͻ 0.05, one-tailed t test). The response magnitudes are independent of the anatomical data used for delineating the ROI. e, Face selectivity was calculated based on the differential responses to faces versus one of the other stimulus categories (object, place, or texture) as indicated along the x-axis [e.g., (face Ϫ object)/%Res] (see Materials and Methods) . Positive values along the y-axis indicate preference for faces, and negative values indicate preference for objects or places or textures, as indicated by pictures. Bars represent TD and WS groups as in d. Error bars show SEM. Face selectivity was significantly higher among WS compared with TD participants in the right hemisphere (*p Ͻ 0.015, F test, repeated-measures ANOVA). NS, Not significant.
WS participants in both hemispheres (n ϭ 13 of 13 participants) and in most TD participants [right FUS_obj (rFUS_obj), 13 of 13 participants; left FUS_obj (lFUS_obj), 12 of 13 participants]. There were no between-group differences in the volume of the FUS_obj at any of the three thresholds tested or after spatial smoothing of the data (rFUS_obj, F (1,24) ϭ 0.02, p ϭ 0.9; %Res matched, F (1,20) ϭ 0.08, p ϭ 0.8; lFUS_obj, F (1,24) ϭ 0.06, p ϭ 0.82; %Res matched, F (1,21) ϭ 0.008, p ϭ 0.93) (Fig. 4c ). Thus, in contrast to the larger FFA in WS, the spatial extent of an objectselective region in the fusiform gyrus was not different between groups.
We also examined the relative spatial extent of FUS objectselective activations regardless of spatial contiguity by counting the number of object-selective voxels (regardless of contiguity) relative to the volume of the FUS at five different thresholds (object Ͼ textures, 10 Ϫ4 Ն p Ն 10 Ϫ12 , uncorrected) (see Materials and Methods). The proportional volume of object-selective activations relative to the volume of FUS was not statistically different among WS and TD participants (rFUS_obj, F (1,24) ϭ 0.03, p ϭ 0.9; %Res matched, F (1,20) ϭ 0.08, p ϭ 0.8; lFUS_obj, F (1,24) ϭ 0.38, p ϭ 0.54; %Res matched, F (1,21) ϭ 0.35, p ϭ 0.56) ( Fig. 4d ). In sum, there were no between-group differences in the absolute or relative volume of object-selective activations in the FUS, regardless of how we defined the functional ROIs. Thus, the larger volume of face-selective activations in the FUS cannot be explained by a general property of the FUS that would be uniformly evident for faces and objects.
Response amplitudes across object-selective ROIs
Next, we measured the response amplitudes within the objectselective ROI in the fusiform gyrus (FUS_obj). In the right FUS_obj (objects Ͼ textures, p ϭ 10 Ϫ4 , uncorrected), the overall responses to visual stimuli were not significantly different across groups (F (1,24) ϭ 0.62, p ϭ 0.40; %Res matched, F (1, 20) ϭ 0.83, p ϭ 0.37). However, there was a significant group-by-stimulustype interaction (F (1,75) ϭ 8.09, p Ͻ 0.01; %Res matched, F (1,60) ϭ 5.45, p Ͻ 0.03), due to significantly higher response amplitudes to faces in WS than in TD participants (t (24) ϭ 1.91, p Ͻ 0.03, one-tailed t test; %Res matched, t (20) ϭ 1.83, p Ͻ 0.04, one-tailed t test) (Fig. 4e) . Given that the FUS_obj and FFA often overlap (Grill-Spector et al., 2001) , this result is consistent with our find- Figure 2c . Error bars show group SEM. There were no significant (NS) between-group differences. d, For each participant, the percentage of object-selective activation (objects Ͼ textures) in the mid-fusiform was calculated and plotted as in Figure 2d . Error bars show group SEM. e, Responses from the FUS_obj (objects Ͼ textures, p Ͻ 10 Ϫ4 , uncorrected) to visual stimuli are plotted as in Figure 2e . In the right hemisphere, there was a significant group-by-category interaction ( p Ͻ 0.04, F test, ANOVA) due to significantly higher response magnitudes to faces in WS than in TD participants ( †p Ͻ 0.04, one-tailed t test). Note that the response magnitudes are not independent of the data used to select FUS_obj. Error bars show group SEM.
ing of larger FFAs and higher face selectivity in the right anatomical ROI of FUS in WS.
In the left FUS_Obj, there were no between-group differences in responses to stimulus types (F (1,24) ϭ 0.10, p ϭ 0.75; group ϫ stimulus type, F (1,75) ϭ 0.63, p ϭ 0.44; %Res matched, F (1,21) ϭ 0.40, p ϭ 0.54; group ϫ stimulus type, F (1,69) ϭ 0.94, p ϭ 0.35) (Fig. 4e) , consistent with the similar face selectivity in the left FUS ROIs among WS and TD participants (see Fig. 3e ).
Face-selective activations in STS and amygdala are not greater in WS compared with TD participants
We asked whether FFA enlargement in WS participants was regionally specific to the fusiform gyrus, or represented a more widespread enhancement in face-specific responses that might be observed across multiple brain regions with face-selective responses. Thus, we repeated our analyses in two other faceselective regions, one along the posterior aspect of the ascending limb of the STS (pSTS_face) and another in the amygdala (AMG_face). We chose to examine these regions, motivated by their key roles in processing socially communicative facial information (McCarthy et al., 1994; Puce et al., 1998; Allison et al., 2000; Puce and Perrett, 2003; Thompson et al., 2007) , the char-acteristic hypersociability in WS Jones et al., 2000; Järvinen-Pasley et al., 2008) , and reports of structural and functional alterations of the amygdala in WS (Golden et al., 1995; Galaburda et al., 2003; Mobbs et al., 2004; Reiss et al., 2004; Meyer-Lindenberg et al., 2005; Tager-Flusberg et al., 2006; Porter et al., 2007; Sarpal et al., 2008; Young et al., 2008; Haas et al., 2009 , Paul et al., 2009 ). However, we found no between-group differences in the volume of face-selective activations in the pSTS (Fig.  5) or amygdala (Fig. 6) , despite some trends toward smaller volumes of the right pSTS at a specific threshold (Fig. 5c ) and a significantly lower response to faces in the right amygdala (Fig.  6e ) among WS participants, contrasting our findings in the FFA and suggesting the specificity of the latter results.
Larger FFA volume is associated with normal levels of face recognition performance in WS
To relate our fMRI measures to previous reports of preserved face-recognition performance , we examined WS and TD participants' performance outside the scanner on a standard Benton recognition test. There were no between-group differences in Benton test performance (Table  1) , consistent with previous reports (Bellugi et al., 2000) . How- Figure 2c . Error bars show group SEM. The volume of pSTS_face was significantly smaller in WS than in TD controls only for the spatially smoothed data defined at the threshold of p Ͻ 10 Ϫ3 noted as 3s ( † p Ͻ 0.05, one-tailed t test, not corrected for repeated comparisons). d, For each participant, the percentage of face-selective activation (faces Ͼ objects) for the anatomically defined left or right pSTS was calculated and plotted as in Figure 2d . There were no significant (NS) between-group differences. e, Responses from the pSTS_face (faces Ͼ objects, p Ͻ 10 Ϫ4 , uncorrected) to visual stimuli are plotted as in Figure 2e . Red bars, WS matched to TD participants for %Res in pSTS. Response amplitudes to visual stimuli were not significantly different among groups and there were no significant group-by-category interactions. Note that the response magnitudes are not independent of the data used to select the pSTS_face. Error bars show group SEM. ever, there was a significantly positive correlation between rFFA size and performance scores on the Benton test among a subset of WS participants that were matched to the TD group on %Res (Table 2) . This correlation was significant regardless of the statistical threshold used for defining the rFFA (Benton performance vs rFFA volumes defined at various thresholds of p ϭ 10 Ϫ3 , 10 Ϫ4 , and 10 Ϫ6 ) (Table 2, Fig. 7b ), and also when performing this analysis on a larger subset of WS subjects only excluding the two WS participants with the highest %Res (Benton performance vs rFFA volumes defined at thresholds of p ϭ 10 Ϫ3 of 10 Ϫ4 ; 0.37 Ͻ r Ͻ 0.92, 0.0001 Ͻ p Ͻ 0.26, n ϭ 11) (Fig. 7b ). However, this correlation did not reach statistical significance when the two WS participants with the noisiest fMRI data were included, perhaps due to an underestimation of their rFFA volume resulting from BOLD-related noise (Table 2, Fig. 7b) .
In contrast to the WS participants, the correlation between rFFA volume (defined at any of the thresholds) and Benton scores did not reach statistical significance among TD partici- Figure 2c . There were no significant (NS) between-group differences. Error bars show group SEM. d, For each participant, the percentage of face-selective activation (faces Ͼ objects) for the anatomically defined left or right amygdala was calculated and plotted as in Figure 2d . e, Responses from the AMG_face (faces Ͼ objects, p Ͻ 10 Ϫ4 , uncorrected) to visual stimuli are plotted as in Figure 2e . Red bars, WS matched to TD participants for %Res in amygdala. Error bars show group SEM. In the right hemisphere, response amplitudes to faces were significantly lower among WS than TD controls ( †p Ͻ 0.03, one-tailed t test). Note that the response magnitudes are not independent of the data used to select the AMG_face. Fig. 7a ). This is consistent with a previous report on TD adults using a recognition memory task (Golarai et al., 2007) , which found no relationship between rFFA size and facerecognition memory performance among typically matured participants. Alternatively, it might reflect a potentially insufficient sensitivity of the Benton test in capturing subtle variations in faceprocessing ability among TD adults (Duchaine and Nakayama, 2004) .
To test the regional specificity of the correlation between Benton performance and rFFA size, we examined the correlation between Benton performance and the size of other functionally defined ROIs in WS participants. In contrast to the rFFA, the volume of the lFFA in WS (or in a %Res-matched subset of participants) was not correlated with performance on Benton ( p Ͼ 0.44). Similarly, among WS participants (or a %Res-matched subset of participants), there were no significant correlations be-tween Benton performance and volume of other functionally defined cluster ROIs at any of the thresholds tested (FUS_obj, pSTS_face, or AMG_face volumes defined at thresholds of p ϭ 10 Ϫ3 , 10 Ϫ4 , or10 Ϫ6 vs Benton performance, p Ͼ 0.3) (data not shown), suggesting the specificity of the relationship between rFFA volume and proficiency in the Benton upright face recognition task among %Resmatched WS participants.
WS participants' scores on measures of general intelligence were significantly lower than those of the TD participants (Table 1) , consistent with previous reports on moderate intellectual deficits in WS . Thus, we tested whether general cognitive ability predicted Benton performance in WS participants. Benton scores were positively correlated with measures of overall IQ and P_IQ in WS participants (Table 2) . Nevertheless, the correlation between rFFA size and Benton performance remained significant among the %Resmatched WS participants (at all three thresholds for cluster ROIs) after controlling for IQ (r Ͼ 0.68, p Ͻ 0.04, one-tailed test). In contrast, there were no correlations between Benton scores in WS with age ( p Ͼ 0.6). Thus, Benton performance in WS was independently correlated with measures of IQ and rFFA size but not with participants' age.
Discussion
We found evidence for enhanced responsiveness to faces in the fusiform gyrus of adults diagnosed with WS compared with agematched TD participants. This enhancement manifested as larger FFAs that were approximately twice the absolute volume of TD participants', despite the smaller size of the anatomical region of fusiform gyrus in WS. Furthermore, the larger FFA volume was associated with apparently normal performance levels on the Benton recognition test outside the scanner and with similar lev- Figure 7 . Performance of TD and WS groups on an independent Benton face recognition task on upright faces. a, Performance on the Benton recognition of upright faces is plotted as percentage of correct responses against the FFA volume (faces Ͼ objects, p Ͻ 10 Ϫ4 , uncorrected) for the subset of TD participants who took the test (n ϭ 9). The correlation between performance on the Benton test and FFA volume did not reach statistical significance. b, Performance of WS on the Benton test is plotted against rFFA volume (faces Ͼ objects, p Ͻ 10 Ϫ4 , uncorrected) for all participants with Benton scores (solid red squares, double solid red line), the subset of WS that were statistically not different from TDs on %Res [after removing the participants with the highest %Res in the right FUS (black squares, black line) and the subset of WS who were matched on %Res in right FUS with TD (open red squares, dashed red line)]. There was a significant correlation between performance on the Benton test and FFA volume among the later two subsets of WS participants. Table 2 . Correlations between rFFA size (at three thresholds), Benton face recognition, and age els of FFA responses to faces among TD and WS. These findings were specific to face-selective responses in the fusiform gyrus, as there were no between-group differences in the activation volumes for objects in the FUS or for faces in the pSTS or amygdala. To our knowledge, this is the first detailed report of larger FFA volume in WS compared with TD participants, suggesting that the apparently normal face-recognition performance in WS is associated with atypically large FFA volume.
We controlled for several methodological factors that might confound comparison of fMRI results among WS and TD participants. First, we based our functional analyses on individually defined ROIs without spatial normalization. WS is associated with smaller overall brain size and gray matter volume compared with TD, with notable variations across brain regions, and between-group differences in regional brain shape and gyrification (Schmitt et al., 2001; Reiss et al., 2004; Thompson et al., 2005) . Therefore, this ROI approach was essential in avoiding potential confounds associated with conventional group analyses involving spatial normalization of data to a standardized brain template (Eckert et al., 2006) . Second, we examined an inclusive measure of BOLD-related noise (i.e., %Res) from every anatomical ROI to control for any spurious activations due to motion or noisier BOLD signals in WS (Golarai et al., 2007; Grill-Spector et al., 2008) . Given the higher %Res in WS, we reanalyzed our data and found similar results in subsets of WS participants that were matched to TD on local %Res. Third, we found consistent results across a range of thresholds on statistical maps. These methodological controls confirmed the reliability of our findings.
We asked whether the larger FFA reflected a general property of the fusiform gyrus in WS and examined an object-selective region in the fusiform gyrus (FUS_obj) that partially overlaps the FFA among TD participants (Grill-Spector et al., 2001; Golarai et al., 2007) . We found no between-group differences in FUS_obj volume, confirming the specificity of our findings in the FFA, and ruling out substantial contributions by metabolic, vascular, or anatomical anomalies in the fusiform gyrus of WS. Instead, FUS_obj responses to faces (but not to other visual stimuli) were higher among WS participants compared with TD participants, suggesting a greater spatial overlap between FUS_obj and the FFA in WS, consistent with a larger FFA size in WS. Similarly, face selectivity in the entire right fusiform gyrus (defined anatomically) was higher in WS compared with TD participants, also consistent with a larger right FFA in WS.
Next, we asked whether the larger FFA in WS reflected a general hyper-responsiveness to faces, also evident in other faceselective regions such as the STS and the amygdala. Given the hypersociability in WS, we expected that any general tendency toward altered face responsiveness would likely manifest in these regions, which are involved in processing socially relevant facial information in TD individuals (McCarthy et al., 1994; Puce et al., 1998; Allison et al., 2000; Puce and Perrett, 2003; Thompson et al., 2007) . Furthermore, WS is associated with atypical structure and function of the amygdala (Golden et al., 1995; Galaburda et al., 2003; Mobbs et al., 2004; Reiss et al., 2004; Meyer-Lindenberg et al., 2005; Tager-Flusberg et al., 2006; Porter et al., 2007; Sarpal et al., 2008; Young et al., 2008; Haas et al., 2009; Paul et al., 2009 ). However, we found no between-group differences in the pSTS or amygdala, supporting the specificity of the larger FFA volume in WS. These findings do not preclude atypical amygdala or pSTS responses to other stimuli or tasks more specifically tailored to these regions' specialization in processing emotions, intentions, and gaze. Individuals with WS misinterpret facial expressions (Adolphs et al., 2002) , despite proficiency at rec-ognizing facial identity . However, our results suggest that any contributions of attentional processes or viewing strategies among WS participants in our experiment would have to be selectively directed to the FFA to explain our findings.
Previous fMRI studies of face processing in WS either did not examine or found no differences between WS and TD participants in the volume of the fusiform gyrus responses to faces (Meyer-Lindenberg et al., 2004; Mobbs et al., 2004; Sarpal et al., 2008) , although one study reported higher amplitude response to faces (compared with textures) in some regions of the fusiform gyrus among participants with WS (Paul et al., 2009) , consistent with our findings of higher face selectivity in the fusiform gyrus in this group. However, these studies used group-analysis methods that are less sensitive to between-group differences in the spatial extent of activations than the individually defined ROI methods used here. Furthermore, most of these studies did not specifically examine face-or object-selective regions in the fusiform gyrus and instead contrasted attention to face identity relative to face location (Meyer-Lindenberg et al., 2004) , viewing faces relative to places (Sarpal et al., 2008) , or low-level texture stimuli (Mobbs et al., 2004; Paul et al., 2009) , which activates a constellation of ventral stream regions. Regions defined from these contrasts are expected to be larger and less face-selective and to include both the FFA and the FUS_obj. Given our finding of similar FUS_obj volumes in WS and TD, inclusion of the FUS_obj could diminish the likelihood of FFA volume differences in these studies. Finally, previous studies did not compare the volume of activations or response profiles to faces or nonfaces across multiple brain regions in WS.
The atypically large FFA volume that we found in WS was positively correlated with apparently normal performance levels on a standardized face-identity recognition task (Benton test) in the same participants. This finding is analogous to electrophysiological reports of atypically large N200 in WS, which is correlated with performance on the Benton test (Mills et al., 2000) . However, in our experiments, the correlation between rFFA size and Benton scores reached statistical significance only after excluding two WS participants with the noisiest BOLD signals. The similarity in the mean performance across TD and WS in the Benton test may be due to insufficient sensitivity of the Benton test in detecting subtle variations in face-recognition proficiency (Duchaine and Nakayama, 2004) . Nevertheless, the similar performance levels on the Benton test among our WS participants and previous publications suggest that our findings are not due to an atypical sample of WS participants in our study. Instead, our findings reveal substantially larger volume of FFA than was previously undetected, perhaps due to methodological limitations. Thus, full elucidation of the atypical aspects of face processing and the behavioral consequences of the larger FFA in WS will require future application of more sensitive behavioral measures in combination with simultaneous fMRI.
Are there causal connections between rFFA size and face recognition proficiency in WS (or in TD) patients? Although our data do not directly address this question, they raise several intriguing possibilities. One possibility is that heightened attention to faces and atypical patterns of face viewing lead to enhanced instantaneous face responses in the fusiform gyrus as well as face recognition proficiency in WS. Our fMRI findings indicate that the contribution of such viewing and attentional effects in WS would have to be specifically directed to the fusiform gyrus, as the pSTS and amygdala responses to faces were not enhanced. A second possibility is that the larger FFA volume in WS reflects functional reorganization of the fusiform gyrus as a developmen-tal endpoint of atypical visual experience with faces, given that FFA volume undergoes a prolonged growth during normal development (Golarai et al., 2007) . Greater cumulative visual experience with faces during development might lead to regional increases in the number and/or selectivity of face-responsive neurons (Grill-Spector et al., 2008) , as well as changes at the synaptic level in the fusiform gyrus of WS, manifesting as a larger FFA and supporting face-recognition proficiency. Similar experiencedependent expansions of cortical representations were reported in human models of plasticity (Merzenich et al., 1996; Weisberg et al., 2007) . A third possibility is that genetic factors underlie FFA's larger volume in WS. These possibilities are not mutually exclusive and require further investigation with longitudinal studies of young children with WS, which could also substantially contribute to our understanding of mechanisms of cortical specialization during normal and atypical development.
In sum, we found evidence for atypically large FFA volume in adult WS. Our findings form a basis for better understanding the role of the FFA in WS. Future studies are needed to determine the functional consequences of FFA size in face processing, to specify which deleted genes in WS contribute to FFA size and face processing in TDs, and to indicate whether our findings in the FFA are related to additional changes in the visual cortex in WS.
